The T4 RegB endoribonuclease cleaves specifically in the middle of the -GGAG-sequence, leading to inactivation and degradation of early phage mRNAs. In vitro, RegB activity is very weak but can be enhanced 10-to 100-fold by the Escherichia coli ribosomal protein S1. Not all RNAs carrying the GGAG motif are cleaved by RegB, suggesting that additional information is required to obtain a complete RegB target site. In this work, we find that in the presence of S1, the RegB target site is an 11 nt long single-stranded RNA carrying the 100% conserved GGA triplet at the 5 0 end and a degenerate, A-rich, consensus sequence immediately downstream. Our data support the notion that RegB alone recognizes only the trinucleotide GGA, which it cleaves very inefficiently, and that stimulation of RegB activity by S1 depends on the nucleotide immediately 3 0 to -GGA-.
INTRODUCTION
Messenger RNA degradation is a regulated process that contributes greatly to establishing the pattern of gene expression. Endoribonucleases play a crucial role in this process. In prokaryotes, endoribonucleolytic attacks trigger mRNA decay by creating entry sites for very active 3 0 -5 0 exonucleases (1) (2) (3) . In mammals, the list of endonucleases triggering the degradation of specific transcripts is growing rapidly (4) . In spite of their central role in maturation and degradation of mRNAs, only a few endoribonucleases have been identified and described in detail so far. One of them, RNase E of Escherichia coli, plays a general role as it affects most cellular transcripts. Others, like RNase III, play more specific roles (5, 6) .
The sequence-specific, RegB endoribonuclease, encoded by bacteriophage T4, falls into the latter group (7, 8) . This RNase cuts T4 early mRNAs in the middle of GGAG and, very rarely, GGAU sequences, located in intergenic regions. The RNA must be single-stranded. Several lines of evidence suggest that its catalytic mechanism is like that of RNase T1 (9, 10) . The regB gene is widely spread among T4-related phages and shows strong sequence conservation (11, 12) .
During T4 phage infection, there are two consequences of RegB cleavages: (i) Functional inactivation of many early transcripts. This is due to the fact that the GGAG motif is one of the most frequent Shine-Dalgarno sequences encountered in T4 (13) . (ii) Degradation of most early but not middle or late mRNAs (14) . Thus, the RegB nuclease down-regulates the translation of many pre-replicative T4 genes. However, synthesis of a few middle proteins is stimulated by RegB (14) . By providing a mechanism that frees the translation apparatus from abundant early mRNAs, RegB facilitates the transition between early and subsequent phases of T4 gene expression (8, 14) .
The RegB endonuclease requires a co-factor to act efficiently. When assayed in vitro, RegB activity is extremely low but can be stimulated up to 100-fold, depending on the RNA substrate, by the ribosomal protein S1 (15, 16) . The E.coli ribosomal protein S1 is an RNA-binding protein that plays an essential role during translation, clamping the ribosomes to mRNAs (17, 18) . The S1 protein contains six homologous RNA-binding domains, each of about 70 amino acid, called S1 domains (or S1 modules). The two N-terminal domains are involved in binding to the ribosome while the four C-terminal domains are devoted to mRNA interactions. Similar domains can be found in a large number of RNAassociated proteins from bacteria to humans, in particular in certain RNases (E.coli RNase E, polynucleotide phosphorylase and RNase II) and RNA-binding proteins of yeast and archaeal exosomes (19) (20) (21) (22) . The role of the S1 ribosomal protein is not limited to translation. S1 seems to be a multifunctional protein involved in several unrelated processes that all use its RNA-binding and, possibly, single-stranded DNAbinding properties (8, 17) . The RegB and S1 protein do not seem to interact directly (8) . In addition, RegB has a very low affinity for its RNA substrates [see (10, 23) ; S. Durand, G. Richard and M. Uzan, unpublished data] . Therefore, it is highly probable that at least the first step in the S1 activation pathway of RegB involves S1 interactions with RNA.
As RegB is easily inhibited by secondary structures [ (7, 16) ; this work], one possibility would be that S1 stimulates RegB through its RNA unwinding ability (24, 25) . However, Lebars et al. (16) presented evidence that this is not the case. Using small, artificial RNAs, Bisaglia et al. (26) found that the entire S1 protein is not necessary to achieve efficient stimulation of the RegB reaction. The portion of the protein made up of the four C-terminal modules 3-4-5-6 mimics perfectly the effect of the whole protein. Depending on the substrate, domain 6 could be removed without affecting the extent of stimulation. The smallest domain combination able to stimulate the cleavage reaction significantly was the bi-module 4-5. Quite similar results were obtained with natural T4 mRNAs (S. Durand and M. Uzan, unpublished data). This suggests that domains 3, 4 and 5 contribute, directly or indirectly, to forming an RNA-binding surface able to interact with nucleotide of the RegB target sites.
During infection by bacteriophage T4, the action of RegB is limited to GGAG motifs located in intergenic regions of early transcripts. The GGAG motifs located in coding sequences or in intergenic regions of late mRNAs are not (or very poorly) cut. Therefore, the GGAG/U sequence is not sufficient for RegB recognition. In vitro as well as in uninfected E.coli cells where RegB is provided from a plasmid and the RNAs to be tested (T4 sequences) from another plasmid, the pattern of cleavage is identical to that found during T4 infection. This shows that the information determining whether RNA is cleaved or not by RegB is carried by the RNA, in the vicinity of the RegB target site (14) . A SELEX experiment based on the selection of RNA cleaved by RegB in the presence of the S1 protein was carried out to identify the missing sequence or structural element (23) . The selected sequences share the following properties. The GGAG tetranucleotide are common to all of them (one exception was GGAC), with a strong bias towards a GGAGG motif. In most cases, the tetra or pentanucleotide is located at the 5 0 end of the randomized region, suggesting that the region 3 0 to the GGAG(G) motif plays a role. This region is enriched in A and C nucleotide. However, the absence of any other clearly conserved sequence or structural motif besides -GGAG-prevented the authors from finding the missing piece of information that would have completed the description of a typical RegB site.
Lebars et al. (16) found that a small (30 nt long), structured RNA derived from one of the RNAs isolated in the SELEX experiment of Jayasena et al. (23) is efficiently and specifically cleaved by RegB in the absence of S1. Analysis by NMR spectroscopy indicated that the 3 0 G of the GGAG motif is base paired while the rest of the motif is unpaired, in a loop. Any change in the sequence that perturbed this structural arrangement resulted in decreased cleavage efficiency. This suggests that, when S1 is required for efficient cleavage (with the natural T4 transcripts, for instance), the role of this protein is to promote this constraint on the RNA. However, simple application of Watson-Crick base pairing rules does not allow one to fold the well-cleaved natural RNA molecules into the sort of structure exhibited by the small RNA analyzed by Lebars et al. (16) . Thus, the question of RegB specificity still remained unanswered. In the present work, we show that the RegB target site spans a region of 11 nt of single-stranded RNA carrying the 100% conserved GGA triplet at the 5 0 end and a degenerate consensus sequence immediately downstream, required for RegB stimulation by the S1 protein.
MATERIALS AND METHODS

Bacteriophages, bacteria and T4 infection conditions
Bacteriophage T4 wild-type was T4D (T4 + ). The T4regB-mis52 phage contains the regBK52L missense mutation (14) . T4K10 (38amB262, 51amS29 denAnd28 denB-rIIB DrIIPT8) was the recipient phage for in vivo directed insertion/substitution mutagenesis (27) . Phage lCE6 (which carries the T7 RNA polymerase gene) (28) was amplified in ED8689 (sup0) and titered on Y-MC (supF) (29) . E.coli B E was the host for T4 infections. E.coli K12 CR63 (supD) was used to grow nonsense T4 phages. E.coli cells to be infected by T4 were grown at 30 C in MOPS-Tricine medium (30) supplemented with 0.4% (w/v) glucose and 1% casaminoacids. Infections were carried out at a multiplicity of 7, at a cell density of 5 · 10 8 /ml.
Oligonucleotides
More than 70 oligonucleotides were used in the primer extension experiments designed to detect RegB cleavages in T4 RNAs. Their list and their sequences are available on request.
Here, we present only the sequence of the oligonucleotides used in primer extension experiments shown in detail in this article. denV: CACGAACACGTTTACCGTTAGCAAC, complementary to 103-128 nt of the denV coding sequence, mobD.5: CCATTGTCGTCTAATTCTAGC, complementary to 63-84 nt of the mobD.5 coding sequence.
Oligodeoxyribonucleotide labeling, primer extension and RNA sequencing 5 0 End-labeling of oligodeoxynucleotides and RNA sequencing were performed as described in (9, 13) . Primer extension experiments were carried out essentially as described by Uzan et al. (9) except that Moloney murine leukemia virus reverse transcriptase (Invitrogen) was used (50 U per assay) for 50 min at 42 C, in the presence of RNasin RNase inhibitor (Promega).
Protein purification
His-tagged RegB nuclease was purified from the overproducing E.coli strain, JM101 (pARNU2), as described in Sanson et al. (14) . The S1 ribosomal protein, His-tagged on its Cterminus, was purified under denaturing conditions from the overproducing strain BL21(lDE3) (pLysS; pET-rpsA), essentially as described by Wower et al. (31) . The procedure includes two successive affinity chromatography columns: on Ni-agarose and then poly(U)-Sepharose. At the end of the procedure, the S1 protein was dialyzed against 10 mM Tris-Cl (pH 7.4), 50 mM NH 4 Cl, 0.1 mM Na 2 EDTA, 7 mM b-mercaptoethanol and kept at 4 C. We found that the His-tagged S1 protein has the same stimulatory effect on RegB as the native form isolated from the ribosomes. T7 RNA polymerase was purified from the overproducing strain E.coli BL21 (pAR1219-T7 gene 1) according to the protocol of Zawadzki et al. (32) .
RegB in vitro assay
Unless otherwise specified, the RegB cleavage reaction mix contained 1 mM 32 P-labeled RNA, 0.1 mM RegB, 0.3 mM S1 in 50 mM Tris-HCl (pH 7.0), 1 mM DTT and 0.1 mM Na 2 EDTA. Incubation was at 37 C for the time indicated in each experiment. The reaction was stopped by the addition of an equal volume of 8 M urea, 1· Tris-borate-EDTA, 25 mM EDTA, 0.05% xylene cyanol and incubation at 90 C for 5 min. Samples were run on polyacrylamide (12%)-urea sequencing gels. The gels were analyzed by a Molecular Dynamics Storm 860 Phosphorimager. The percentage of cleavage was determined by calculating the ratio of radioactivity in the 'processed' band to the total amount of radioactivity in both the full-length RNA band and the processed species. For this purpose, ImageJ software was used (33) .
In vitro transcription, RNA purification and labeling
The sequences of the templates used in this study are available on request. Annealing between the single-stranded template and the oligonucleotide complementary to the T7 promoter was done in TES [10 mM Tris (pH 7.5), 1 mM EDTA and 150 mM NaCl]. After heating at 95 C for 4 min, the mixture was slowly cooled down to room temperature. The transcription reaction mix contained 5 mM DTT, 40 mM Tris (pH 7.5), 1 mM spermidine, 0.01% Triton X-100, 20 mg/ml polyethylene glycol 8000, 20 mM MgCl 2 , 5 mM NTP, 100 U of RNasin, 3 mM T7 RNA polymerase and 2.5 mM annealed template. The mix was incubated 4 h at 37 C. RNA was purified with phenol/chloroform pH 5, ethanol precipitated and loaded on polyacrylamide (12%)-urea gels. RNA was electro-eluted from the gel with the BIOTRAP system (Schleicher and Schuell) as indicated by the supplier. The RNAs were dephosphorylated with Calf Intestine alkaline phosphatase (Roche) and 5 0 labeled with [g-32 P]ATP using T4 polynucleotide kinase. When required RNA (100 pmol) was labeled in 3 0 with 32 P-pCp (3.3 pmol, 10 mCi; Amersham) using 20 U of T4 RNA ligase (BioLabs) in 20 ml for 1 h at 37 C. The buffer was that provided by the supplier [50 mM Tris-HCl (pH 7.8), 10 mM MgCl 2 , 10 mM DTT, 1 mM ATP] to which 10% dimethyl sulfoxide (DMSO) and 20 U RNasin were added.
Enzymatic probing of RNA structure RNA structures were probed with RNases T1 (Fermentas), T2 (Sigma), from 3.6 · 10 À4 to 7.2 · 10 À4 U/ml, A (Fermentas) from 2 · 10 À7 to 4 · 10 À7 mg/ml, and V1 (Pharmacia Biotech) from 3.6 · 10 À4 to 7.2 · 10 À4 U/ml. The reactions were carried out at 25 C for 20 min in the RegB reaction buffer. MgCl 2 (1 mM) was added with RNase V1. The pattern of cleavage by the other RNases was not influenced by the addition of 1 mM MgCl 2 . RNA ladders were obtained by incubating 80 pmol of RNA labeled in 5 0 or 3 0 with 60 mM Na 2 CO 3 , 0.4 mM EDTA and 3 mg of yeast tRNA in 25 ml final volume for 7 min at 80 C.
In vivo mutagenesis
PCR DNA fragments, 120 bp long, carrying one of the three possible mutations in the fourth position of the GGAG motif of motB, were cloned into plasmid pBR322. E.coli B E cells transformed with each of the resulting plasmids were then infected by T4
+ in order to transfer the mutation to the T4 genome by homologous recombination. The insertion of the A-rich sequence of motB into the denV sequence to obtain the denV[AU] mutant (see Results) was performed using the directed Insertion/Substitution mutagenesis method described by (27) . The T4 K10 denV[AU] recombinant was back-crossed three times with T4 wild-type phage. Recombinant phages were detected by plaque hybridization with a 32 P-labeled oligonucleotide complementary to the mutated sequence, as described in Sambrook et al. (34) .
RESULTS
Additional sequence 3
0 but not 5 0 of the GGAG motif is required for efficient cleavage by RegB in the presence of S1
As shown by Sanson et al. (14) , additional information determining whether a GGAG motif is cleaved or not is contained in cis in the vicinity of the cleavage site. In a first approach to identifying such elements, we determined the minimum length of RNA molecule able to be cut by RegB in the presence of the S1 protein.
After T4 infection, motB mRNA is efficiently cleaved by RegB in a GGAG motif (13) . A 49 nt long truncated version of the motB transcript (Figure 1 ), hereafter called motB RNA, obtained by in vitro transcription, is also efficiently cut by RegB in the presence of S1 (see Figure 4A ). The RNA products are 18 (5 0 part) and 31 nt long. motB RNA was labeled in either 5 0 or 3 0 and then treated with sodium bicarbonate under mild conditions so as to generate all possible RNA sizes. The RNA mixture was then submitted to RegB/S1 digestion and samples of the reaction were withdrawn at time intervals for analysis by gel electrophoresis. Figure 2A shows the result of an experiment carried out with 5 0 end labeled motB RNA. Cleavage by RegB results in the accumulation, over time, of the 18 nt RNA species. It can be seen that the longer the molecules, the faster they are cleaved by RegB/S1. However, after 40 min of reaction, there is essentially no further evolution of the pattern; a set of RNA molecules remains resistant for 90 min of incubation. On the gel shown in Figure 2A , it is easy to determine the length of these resistant RNAs by counting the additional nucleotide from the cleavage site. Thus, the shortest substrate that derives from motB ends in 3 0 with the sequence GGAGUAUAAAA-3 0 . Although we cannot rule out the possibility that shorter RNA species would be attacked after a much longer period of incubation, they are certainly very poor substrates.
A similar experiment was carried out with the RNA labeled in 3 0 (by addition of pCp). As in the preceding experiment, cleavage was more efficient with the longer RNA molecules than with the shorter ones. In this case, resistance to RegB appeared with RNA species that carry two additional nucleotide in 5 0 of the cleavage site. These nucleotides are the two consecutive G's of the GGAG motif. Thus, no additional nucleotide in 5 0 of the GGAG motif is required in order for RegB/S1 to cleave the motB RNA ( Figure 2B ). The additional strong band, shorter by one nucleotide relative to the expected 32 nt RNA product (31 + pCp), reflects the fact that the motB RNA substrate used in this experiment, although purified by gel electrophoresis, still contained a significant proportion of 48 nt RNA species. In agreement with this result, we found that RegB/S1 could cleave another good RegB substrate, motA, truncated such that its sequence starts with the GGAG motif in 5 0 , albeit with slower kinetics than the entire motA RNA (data not shown). This confirms that RNA 5 0 of the conserved GGAG sequence is not an absolute requirement for RegB/S1.
In conclusion, these experiments show that RegB/S1 require additional RNA sequence elements 3 0 of GGAG while no specific information seems to be necessary upstream of the GGAG motif. Nevertheless, additional sequences in 5 0 and 3 0 stimulate the RegB reaction, presumably by facilitating binding of the proteins to the RNA.
T4 transcripts efficiently cleaved by RegB share homologies over 11 nt around the cleavage site
We then asked whether, besides the GGAG motif, any sequence conservation could be found 3 0 of this motif among RegB-sensitive T4 RNAs. For this, we identified as many T4 transcripts cleaved by RegB during infection as possible and compared their sequences to those of resistant (or poorly cut) GGAG-containing transcripts. Seventy-one GGAG sequences were found in intergenic regions of T4 early, middle and late transcripts and in non-coding RNAs (tRNAs and introns). Except for three GGAG sequences located in stems of tRNA pro and tRNA ser , they were all tested. Since we found earlier that one GGAU sequence was efficiently cleaved by RegB (7), we also analyzed the 30 intergenic GGAU sequences. RNA isolated at different periods after infection by either T4 wild-type or T4 regB R52L mutant phage were analyzed by primer extension. The sites of cleavage were mapped by running an RNA sequence along with the electrophoresis of cDNAs. A faint band or no reverse transcriptase stop at the expected position defined a resistant RNA while the appearance of a strong, RegB-dependent, band at the expected position, defined a good RegB RNA substrate.
Of the 68 tested intergenic GGAG/U motifs, 24 were efficiently cut by RegB while two were moderately cleaved (ORFs nrdC.8 and 47.1) ( Figure 3A ). Forty-two GGAG sequences were either very poorly cut or fully resistant (data not shown). Only two intergenic GGAU sequences (ORFs 55.2 and motB.2) were found to be cut by RegB among the 30 tested sequences ( Figure 3A ). All the others were resistant (data not shown). Most of the GGAG/U motifs analyzed were Shine-Dalgarno sequences.
The T4 transcripts resistant to RegB were separated into two groups. One of them consisted of sixteen RNAs with an obvious ability to form stable secondary structures that include the GGAG motifs. These include intergenic stem-loop structures, like transcription terminators and introns. Often, the structure contains the stabilizing UUCG tetraloop (data not shown). Whether their resistance arises from this structural feature or because they lack a sequence element is not known. For this reason, we did not consider this group of RNA sequences any further. The GGAG motifs carried by the 26 remaining resistant RNAs cannot be included in stable secondary structures. We found that their ability to form structures, as predicted by the M-Fold program (35, 36) , is not different from that of the efficiently cleaved RNAs shown in Figure 3A . Therefore, their resistance likely reflects the lack of a sequence element.
Comparison of the T4 sequences of the 26 cleaved and 26 resistant, yet unstructured, T4 RNAs showed that the cut RNA sequences contain an A-rich sequence of 7 nt, immediately 3 0 to the GGAG/U motif, from which C residues are almost completely excluded. The equivalent regions in the uncut sequences show no particular feature. The strong bias exhibited by the RegB substrates is best illustrated through the Sequence Logo representation (37) . Figure 3B shows the results obtained with the 26 well-cleaved RNAs listed in Figure 3A . The score obtained by the nucleotide of the GGA motif is maximal, reflecting their absolute conservation among RegB target sites. This triplet may be the only sequence recognized by RegB (see below). A guanosine in the fourth position (counting from the 5 0 most G of the GGAG motif) is also very conserved, but U is possible (2/26). The scores obtained by the 7 nt of the A-rich sequence immediately downstream of -GGAG-are lower, but significantly above that of any nucleotide elsewhere in the 48 nt long segment analyzed. The A's at positions 6, 8 and 11 are the most conserved of the A-rich sequence. In striking contrast, no such good scores are reached by the nucleotide at equivalent positions of the non-cleaved RNA sequences ( Figure 3C ). The existence of a consensus immediately 3 0 of -GGAG-is in agreement with the above finding that cleavage by RegB/S1 requires the presence of a minimum of 7 nt downstream of this motif.
Many T4-related phages code for a homolog of the T4 RegB enzyme (11, 38) . The sequences of the few cleavage sites identified in four of these phages are shown in the middle part of Figure 3A . In all cases, cleavage occurs in the middle of the GGAG/U motif, which is followed by the A-rich consensus sequence.
Besides the GGAG and GGAU sequences, we tested some intergenic GGAA motifs for their ability to be cleaved by RegB during infection, in particular those that are followed by A-rich sequences. We found that the GGAA sequences are very poorly cut, even when they are followed by a perfect A-rich sequence (data not shown). No intergenic GGAC sequence is followed by an A-rich sequence among the T4 intergenic regions.
Taken together, these observations strongly suggest that the sequence required for efficient RegB cleavage in phage T4 is the 11 nt sequence GGAGAAUAAAA. They also suggest that a GGAU sequence can be cut efficiently provided that it is followed by a strict A-rich consensus sequence. Retrospectively, we note that all 16 T4 RegB resistant, structured RNAs that we put aside (see above) diverge considerably from the consensus determined in this study.
In bacteriophage T4, the A-rich sequence associated with the GGAG sequence is sufficient for RegB/S1 recognition To assess the importance of the A-rich sequence, we analyzed the RegB/S1 cleavage reaction with chimeric RNAs in which this region was exchanged from a good substrate to a nonsubstrate and vice versa. All RNAs tested in this study were obtained by in vitro transcription. In a first experiment, we analyzed the consequences of replacing the sequence of 7 nt immediately 3 0 of -GGAG-in the motB RNA by the sequence found at the same place in the denV RNA. In vivo, the Shine-Dalgarno sequence (GGAG) of the denV gene is resistant to RegB (39) . In the resulting chimeric motB (3/26) . In the presence of S1, the reaction with motB RNA was fast for the first 10 min and soon afterwards slows down, reaching a plateau when 80% of the initial RNA substrate was cleaved. The apparent forward rate constant (k on ) was 0.07/min ( Figure 4A and Table 1 ). With motB[denV] RNA, the reaction rate decreased more than 10-fold (k on ¼ 0.006/min) ( Figure 4A and Table 1) .
We then modified the sequence of denV RNA so as to replace 7 nt immediately 3 0 of -GGAG-by the A-rich sequence of motB. This produced denV[motB] chimeric RNA (Figure 1 ). In the presence of S1, denV RNA was rather weakly cleaved by RegB/S1 in vitro (k on ¼ 0.015/min). With denV[motB] RNA, the cleavage rate was 4 times higher (k on ¼ 0.06/min) ( Figure 4A and Table 1) .
A similar experiment was conducted with the gene 1 transcript. After infection by T4, this T4 transcript exhibits a unique pattern of cleavage by RegB: It is cut very weakly at two sites (labeled A and B in Figure 1) , between G and A, within the Shine-Dalgarno sequence of the gene (7). The sequence 3 0 of the GGAG motif contains two C's, in position 8 and 10 ( Figure 1 ). In vitro, in the presence of S1, gene 1 RNA was indeed a very poor substrate (k on ¼ 0.004) ( Figure 4B and Table 1 ). However, chimeric RNA 1 [AU] in which the 3 0 sequence was replaced by the canonical sequence AAUAAAA was cut at the classical position (position B) at a rate more than 30 times higher (k on ¼ 0.140) ( Figure 4B and Table 1 ). The cut located upstream (site A in Figure 1 ) in the wild-type sequence was very much weakened (data not shown).
Given that RegB is inhibited by RNA secondary structures (16), it was important to check what consequence the mutations could have had on the structure of the molecules. Possible structures in all six RNAs, motB, denV, motB[denV], denV[motB], 1 and 1[AU] were probed with RNases A, T1, T2 and V1. Slight changes in the reactivity of some regions of these RNAs to the RNases could be observed. However, in no case did the change in sequence lead to a detectable change in structure involving the GGAG motif and surrounding sequences (data not shown). Therefore, the changes in cleavage efficiency observed with the mutants reflect changes in the sequence and not in the structure of the RNAs.
The chimeric RNA denV[AU], in which the A-rich consensus sequence AAUAAAA replaced the normal sequence of the denV transcript, 3 0 of -GGAG-, was recombined into the T4 genome. RNA isolated after T4 wild-type or T4 denV[AU] phage infection was analyzed by primer extension. In agreement with the result obtained in vitro with the denV[motB] chimeric RNA, the denV[AU] transcript was cut efficiently in vivo in the middle of the GGAG sequence, like a natural RegB-sensitive transcript ( Figure 5 ). Thus, replacing the A-rich sequence of a good substrate by a sequence from a non-substrate considerably decreases the efficiency of cleavage by RegB/S1. Conversely, it is possible to convert a GGAG-carrying resistant RNA into a good substrate for RegB/S1 by grafting the A-rich sequence immediately downstream of the GGAG motif.
Guanine in positions 4 and 5 enhances cleavage by RegB in the presence of S1
As shown above, two GGAU sequences are efficiently cleaved by RegB in phage T4 (orf 55.2 and motB.2) and one was found in the T4-related phage, RB69 (11) ( Figure 3A) . Thus, a U in position 4 seems tolerated, but under strict conditions as the great majority of the intergenic GGAU sequences in T4 are resistant to RegB. To assess the importance of the nature of the nt immediately 3 0 to the GGA motif, we analyzed the ability of RegB to cleave, in the presence and absence of S1, motB-derived RNAs carrying each of the three possible substitutions in that position. Enzyme kinetics showed that any substitution of the 4th G resulted in a marked decrease of the reaction speed, with the following hierarchy: GGAU > GGAA > GGAC ( Figure 6A ). The corresponding kinetic constants are shown in Table 1 .
RNase probing of the structure of all four RNAs shows that the G to A and G to U changes did not result in the formation of new RNA structures that would hinder the accessibility of the RegB nuclease to its target site (data not shown). Thus, the decreased activity of RegB on these RNAs is a direct consequence of the sequence changes. However, the G to C change strongly affected the accessibility of RNases T1 and A to a significant portion of the molecule, including the GGAC motif, as revealed by the severe weakening of We considered the simple phenomenological model represented by the reaction: S!P. The corresponding equation [A(t) ¼ A 0 e Àkt + C] was fitted to the experimental curves to determine the apparent forward rate constant (k on ). It was not possible to obtain a correct fit between the model and all data points. In these cases, only the first points from 1 to 15 min were taken into account. were withdrawn at the times indicated above the figure for immediate RNA extraction. The RegB cut was probed by primer extension using the denV-25 oligonucleotide. cDNAs were separated by electrophoresis on a 7% polyacrylamide-urea gel along with the sequence of the denV[AU] RNA (right). RNA to be sequenced was extracted 3 min after infection by T4 denV [AU] . Arrows indicate the reverse transcriptase stops corresponding to the motB and modD.5 promoters. The mobD.5 transcript is not sensitive to RegB and was used as an internal control of infection and RNA extraction. The position of RegB cleavage is also shown. several bands (data not shown). Thus, under our in vitro conditions, the motB-GGAC RNA folded into a rather stable structure in which the GGAC nucleotide were perfectly paired. This probably explains its total resistance to RegB (see below).
The susceptibility to RegB of transcripts carrying these three mutations in motB was also examined in vivo. The motB gene and surrounding regions can be deleted without affecting phage growth (40) . This ensures that any mutation introduced within and around the GGAG sequence can be selected and studied in vivo. The three mutations were transferred into the T4 genome by homologous recombination. RNA isolated 3 min after infection by wild-type and mutant phages was analyzed by primer extension. In agreement with our in vitro results, the efficiency of cleavage of the mutated transcripts was substantially reduced and the same hierarchy among the mutations was observed ( Figure 6B ). However, in this case the GGAC transcript was cleaved to a significant extent, even though it was the least affected by RegB. This indicates either that the structure that forms in vitro is counteracted in vivo, or that the cleavage by RegB occurs before it can form. In conclusion, in the context of motB RNA, the G in position 4 is by far preferred over any other nt, and this result seems general as assessed by the frequency of G in this position in vivo ( Figure 3A) . However, within this context, other nucleotide are tolerated, with U being preferred over A or C.
The above conclusion that the recognition site for RegB/S1 is the 11 nt sequence whose consensus is GGAGAAUAAAA suffers from the existence of a famous counter-example. The RNA initially used to monitor RegB purification and to characterize RegB biochemical properties was a decamer whose sequence is: 5 0 -CUUUGGAGGG (15) . Cleavage occurs at the expected position and is stimulated by S1 about 80-fold (15, 16) . This small RNA contains the GGAGG motif, as do four of the well-cleaved T4 transcripts ( Figure 3A) and half of the RNA molecules obtained by SELEX (23) . Thus the G in position 5 (in the GGAGG sequence) may have a strong positive effect on the cleavage reaction.
To test this hypothesis, we modified the poorly cleaved gene 1 RNA, replacing the A in position 5 by a G, so as to obtain -GGAGGA-(gene 1[GG] RNA; Figure 1 ). The ability of the mutated RNA to be cut by RegB in the presence and absence of S1 was analyzed. Figure 7A and B show that the simple presence of a G in position 5 converted the very poor gene 1 RNA substrate into a rather good one. In the presence of S1, the increase in the kinetic constant with respect to wild-type gene 1 RNA was one order of magnitude (k on for gene 1[GG] was 0.05; Table 1 ).
Interestingly, in the absence of S1, gene 1[GG] RNA was cut twice, between G and A, in the GGAGGA sequence, suggesting that GGA is the motif recognized by RegB. Open symbols: kinetics without S1. Filled symbols: Kinetics in the presence of S1 motB-GGAG (wild-type) (~), motB-GGAA (*), motB-GGAC (&), and motB-GGAU (Å). Experiments were done in triplicate. (B) Analysis of the susceptibility of motB-GGAG/A/C/U mRNAs to RegB after T4 infection. Samples of T4 wild-type or T4 GGAA/C/U infected E.coli B E were withdrawn at 3 min for immediate RNA extraction. The RegB cut was probed by primer extension using the motB oligonucleotide. cDNAs were separated by electrophoresis on a 7% polyacrylamideurea gel. In the presence of S1, RegB only cleaves the B site efficiently (Figures 1 and 7A) .
In our kinetic experiments, we observed that the level of the plateaus varied from one RNA to another, with a maximum cleavage of 80% for motB and 50% for gene 1 RNA (Figures 4A, B, 6A and 7B ), These maxima depend on the RNA sequence and are unchanged whether we heat the RNA and chill it suddenly on ice or decrease the temperature slowly after heating. We propose that RegB is inhibited by the RNA products. This phenomenon, already observed by others (15, 16, 26) , was not investigated further.
Structure of the RegB/S1 target site
The above result suggests that, due to selection pressure operative in vivo, the consensus sequence for RegB/S1 found in phage T4 is a particular arrangement of a looser consensus. In order to enlarge the pool of sequences that would allow us to determine the general structure of the RegB target site, we turned to the list of RNA sequences cleaved by RegB in the presence of S1 obtained by SELEX (23) . Unfortunately, not all these RNA sequences could be taken into account since their cleavage rates differ by a factor of at least 20. Our main criterion for a good RegB substrate is its ability to be cleaved efficiently by RegB during phage infection. As shown here [see also (14) ], fully resistant T4 RNAs in vivo can be cut to a certain extent in vitro, depending on the RegB/RNA ratio. Thus, sequences that we would have regarded as bad substrates might well be represented in Jayasena et al.'s list. Therefore, we chose to consider only the SELEX sequences for which a good kinetic constant was found. In Figure 3A (lower part), we aligned the subset of well-cleaved SELEX sequences with the good T4 substrates. Only the 11 nt that span the RegB/S1 target site as defined in this study were considered. Although efficiently cut by RegB, the SELEX # 22 RNA sequence was removed from the list because its cleavage does not depend on S1 (16) . SELEX # 12 and 26 (in fact, shorter derivatives from which the constant sequences were removed) were shown by Lebars et al. (16) to be good RegB substrates. The result was the consensus shown in the lower part of Figure 3A .
In order to evaluate the degree of divergence between the subset of good SELEX substrates chosen and the whole SELEX sequences, we calculated the frequency of occurrence of each nucleotide, in the 11 nt window, for 29 SELEX sequences (five sequences of RNA that Jayasena et al. found extremely poorly cut were excluded). The same consensus sequence for RegB/S1 as that shown in Figure 3A (lower part) was found. This analysis allowed comparison of the 26 T4 sequences ( Figure 3A ) with the 29 SELEX sequences (23) . Besides the common GGAG motif, the following analogies and differences could be noticed.
Position 5: A purine was twice as frequent as U in both the SELEX and T4 sequences. However, A is preferred in T4 and G in the SELEX sequences. C is counter-selected in both groups (1/29 SELEX sequences and none in T4).
Position 6: A is strongly preferred in both groups. Position 7: A pyrimidine is strongly preferred in both groups of sequences, with a bias in favor of C in the SELEX RNAs and in favor of U in the T4 group, where no C at all was found. Position 8: Strong bias in favor of A in both groups of sequences.
Position 9: Almost total bias in favor of a purine in both groups. A and G are equally probable in the SELEX sequences while A is strongly preferred in T4. No C at all was found and U's were extremely rare in either group of sequences.
Positions 10 and 11: Large majority of A's in both groups of sequences.
These observations show very good but not total agreement between the two groups of sequences, indicating that the two types of evolution, in vivo and in vitro, have been subjected to different selection pressure.
Activation by S1 depends on the presence of specific 3 0 nt of GGA How does the S1 protein enhance the RegB reaction and what RNA sequence does it require? Two models are possible. In the first, RegB alone would be able to discriminate the good from the bad substrates, and the S1 ribosomal protein would enhance the efficiency of the reaction equally, whatever the RNA considered. Alternatively, RegB alone would not be able to discriminate among the various GGAGcarrying RNAs. It would simply recognize, with low efficiency, the much conserved GGA trinucleotide sequence, irrespective of the context. The S1 protein would play a major role in the discrimination process, presumably through specific interactions with the 11 nt conserved sequence or a part of it. The first hypothesis predicts that in vitro, RegB alone should cleave the good substrates more efficiently than the poor ones. This is clearly not the case. In the absence of S1, RegB, under our standard conditions, is as inefficient on RNAs identified as good substrates in vivo as on nonsubstrates ( Figures 4A, B , 6A and 7B; Table 1 ). Increasing the enzyme concentration did not allow RegB to discriminate better between good and bad substrates (data not shown). In fact, our results favor the second hypothesis. We found that while RegB cleavage of motB wild-type RNA was stimulated by S1 27-fold, the motB[denV] derivative, in which the A-rich sequence comes from a poorer substrate, was stimulated only 3.3-fold (Table 1) . Conversely, the stimulation by S1 of denV RNA cleavage increased from 15-to 60-fold when the A-rich sequence from motB was grafted within the denV sequence (denV[motB] RNA) ( Figure 4A and Table 1 ). Likewise, the 27-fold stimulation observed with motB RNA dropped to only 8.3-and 1.8-fold when the fourth G was changed to U and A, respectively ( Figure 6A and Table 1 ). With wildtype gene 1 RNA, S1 stimulated about 4-fold (Table 1) . This factor was dramatically increased to 35-fold when the A-rich sequence replaced the wild-type sequence 3 0 of the GGAG motif ( Table 1 ). Thus, the changes in RegB efficiency consecutive to alterations of the sequence downstream of -GGA-directly reflect changes in the ability of S1 to stimulate the cleavage reaction. G residues in positions 4 and 5 play a major role in the stimulation by the S1 co-factor, as well as some other nucleotide within the Arich sequence. This work shows that the S1 protein plays a crucial role in the selection of RegB substrates.
DISCUSSION
The work reported here shows that the T4 RegB endoribonuclease target site spans 11 nt of single-stranded RNA carrying the 100% conserved GGA triplet at the 5 0 end and a degenerate consensus sequence immediately downstream. Progressive deletion analysis, alignment of well-cleaved and resistant T4 RNA sequences and nucleotide changes at specific positions led to the following consensus: GGAGRA-YARAA, where R is a purine and Y a pyrimidine. The part of the site 3 0 to the very conserved GGAG motif, although degenerate, exhibits strong constraints: extreme rarity of C residues in positions 5 and 6; total absence of C in position 9; strong bias in favor of A residues in positions 6, 8, 10 and 11; strong bias in favor of a pyrimidine in position 7. The presence of a C in position 9 of the denV sequence likely accounts for the poor performance of RegB/S1 on this RNA and its derivative, motB [denV] . The almost totally resistant gene 1 RNA diverges at three positions with respect to the consensus we defined: an A instead of a pyrimidine in position 7 and the presence of cytosines instead of A residues in positions 8 and 10.
Our data support the notion that RegB alone recognizes only the trinucleotide GGA, which it cleaves very inefficiently. Indeed, (i) whether in vivo or in vitro, all RegB cleavage occurs within the GGA sequence, whatever the nucleotide context ( Figures 3A, 4B, 6A, B and 7A ). The only exception is the very weak cut found within the first G-A link in the GAGGAG sequence of T4 gene 1 ( Figure 1 ).
(ii) RegB alone is able to cleave equally the two GGA sequences in tandem in the gene 1[GG] RNA (Figures 1  and 7B ). (iii) The GGA sequence was found in every RNA cleaved by RegB in the presence of S1 obtained by SELEX (23) .
Our results also show that stimulation of RegB activity by the S1 ribosomal protein depends at least on the nucleotide immediately 3 0 of -GGA-. In fact, we found that changes introduced within this sequence have no consequence on the rate of cleavage by RegB alone, which always remains low, but affect the degree of RegB stimulation by S1 ( Table 1 ). The fact that the only 2 (of 26) well-cleaved RNA sequences that have a U immediately 3 0 of GGA are followed by strict consensus sequences, suggests that the deleterious effect of U in that position can be compensated for only by a perfect A-rich sequence. These results strongly suggest that the S1 protein acts by interacting specifically at least with the nucleotide 3 0 of GGA in the RegB target sites. They also show that S1 plays a major role in the selection of RegB substrates.
Does this latter result mean that the RegB target site is essentially an S1 binding site? Remarkably, the length of the RegB/S1 site precisely matches the size of 10-12 nt required for binding of one molecule of S1 to RNA (17) . This suggests that the whole sequence, including the GGA motif, interacts with S1. Furthermore, the GGA motif, the A-rich region and the ACA motif found in SELEX sequences are present in other S1 target sites: A-rich or AU-rich sequences are found in translational enhancers, in mRNA poly(A) tails (41, 42) and in the translational operator of the rpsA gene that codes for ribosomal protein S1 (43) . The rpsA mRNA leader also contains two GGA sequences.
The GGA sequence as well as the ACA triplet are conserved sequences found in the loops of pseudoknots obtained by SELEX carried out against S1 (44) . The ACA motif is also found in some translational enhancer sequences (41, 45) .
We propose that these different motifs interact specifically with different sites on the S1 protein. We further propose that if more than one of these motifs lie within the distance covered by one molecule of S1, their binding to S1 may induce constraints on the RNA, depending on their relative position on the RNA. The RegB target site contains two of these specific signals: -GGA-and, in 3 0 , the A-rich sequence (with -ACA-frequently found among the SELEX sequences). We suggest that upon binding to S1, the RegB target site undergoes constraints, especially upon GGA, that are exploited by RegB to act efficiently. Thus, the discriminating role of S1 would not be based on its ability to bind or not to bind (or bind less strongly) RNA substrates and nonsubstrates, respectively, but to induce or not the conformational constraint on the GGA sequence which is the true RegB target. In fact, most of the intergenic RegB-resistant GGAG motifs are located in TIRs of highly translated mRNAs (coding for capsid proteins). There is little doubt that S1 interacts with these regions quite well. For instance, we found, by gel retardation assays, that S1 binds equally well to RegB substrates and to resistant RNAs, both carrying translation initiation regions (TIRs) with -GGAG-as ShineDalgarno sequence (S. Durand and M. Uzan, unpublished data). These data suggest that S1 accelerates the reaction not by increasing RNA-binding but by enhancing activity of the enzyme. Experiments using homopolymers led to the conclusion that protein S1 has more than one site for binding nucleic acids (17, 42) . Here, we assume that this holds true for nucleic acids of higher complexity as well. Our model is supported by the finding that binding of S1 to the AU-rich sequences of the rpsA 5 0 -untranslated regions (5 0 -UTRs) leads to enhanced exposure of two GGA sequences located nearby (43) . In addition, we found previously that a particular structure is necessary to permit a small RNA (SELEX #22) to be efficiently cleaved by RegB in the absence of the S1 co-factor (16) . In this structure, the GGA sequence is located in a loop, while the two nucleotide immediately adjacent in 3 0 (GC) are base paired. We speculated that this conformation caused the -GGA-to be constrained in such a way that the G-A link would be particularly exposed, thus facilitating RegB attack. The importance, for S1 stimulation, of these G residues (this work) and the strong stimulation by S1 of JR10 RNA, while this RNA has only three G's after the GGA motif (15, 16) , are in favor of this hypothesis.
The comparison of the most frequent T4 RegB sites to those obtained through the SELEX experiment suggests that the T4 consensus, GGAGAAUAAAA, is a particular nucleotide combination of a looser consensus. The differences observed between in vivo and in vitro evolution could have several causes. In prokaryotes, genetic information is very compact, so that in vivo, several constraints are expected to be superimposed on those for RegB/S1. One of these is the base composition of the T4 genome which is 65.5% AT (46) . This bias is compatible with some characteristics of the T4 sites, like the strong preference for A rather than an equal occurrence of A and G in positions 5 and 9, and the strong preference for U rather than C in position 7. Another constraint may arise from the fact that most RegB target sites are in TIRs. This location could explain in part the rare occurrence of the GGAGG motif in phage T4 (4/26), while half of the SELEX RNAs have this pentanucleotide. In terms of energetics, GGAGG is a better Shine-Dalgarno sequence than GGAG since it provides an additional GC bp with the 16S rRNA. However, too long SD sequences may not be the best in terms of translation efficiency, since stronger binding of the 30S ribosomal subunit to mRNA can impair the escape of the ribosome (41) .
The detailed mechanism of action of RegB may also differ in vitro and during phage infection. We found in this work that, in spite of the fact that the motB-GGAC mutant RNA is totally resistant to RegB in vitro, presumably as a consequence of its ability to form a stable secondary structure, this same G to C mutation does not lead to RegB resistance in vivo but only to reduced cleavage efficiency ( Figure 7A and B). A similar situation was encountered with modB T4 RNA ( Figure 3A and S. Durand and M. Uzan, unpublished data). One possibility is that in vivo, cleavage occurs on the nascent RNA, before the structure can form. Taking into account the tight coupling between transcription and translation in prokaryotes, these observations support a model in which during infection, RegB uses the 30S ribosomal subunit bound to nascent mRNAs as a source of S1 protein, rather than the free protein (13) . The occurrence of RegB cuts earlier than 45 s post-infection (9), also suggests that RegB activity in vivo is facilitated by another process related to transcription and/or translation. Several E.coli endoribonucleases that belong to toxin-antitoxin systems and are induced under nutritional stress conditions (47, 48) present mechanistic analogies with RegB. The YoeB and RelE nucleases act on mRNA engaged in translation. MazF and RelE are also specific for trinucleotide sequences. The RelE enzyme and in some cases, YoeB, like RegB, cleave their target mRNAs between the second and third nucleotide. RelE cleavages occur within the codon engaged in the 'A' site of the ribosome, but not in the free RNA molecule (49, 50) . Finally, in the case of RegB, the S1 protein might well be provided by the transcriptional apparatus. Indeed, recent reports support the view that S1 is in permanent interaction with nascent mRNA, possibly through its indirect binding to RNA polymerase (51, 52) .
